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ABSTRACT 
Disposal of water treatment plant (WTP) residuals has always been an important 
consideration for the water industry. Stringent water quality standards, environmental 
regulations, and unavailability of land for ultimate disposal affect disposal of large 
amounts of this residual. The search for alternate economical disposal options and 
beneficial use are probably the next most logical and economical step to take. 
This study was performed to explore the possibility of stabilization of water 
treatment plant (WTP) residuals using additives. Three water treatment plant (WTP) 
residuals from treatment plants in New Jersey were used for the analysis. The objective 
of this research is to, if possible, present an acceptable application such as engineering fill 
for this stabilized product. The investigation was divided into three phases: 
1. Study the geotechnical characteristics of the WTP residuals 
2. Review possible disposal options of WTP residuals and investigate use of WTP 
residuals in brickmaking 
3. Develop and test of Sorbond® stabilized WTP residuals. 
In the first phase of this study, the WTP residuals were characterized and the 
geotechnical properties evaluated. This was done to understand and differentiate between 
the types of WTP residuals being tested. In the second phase, attempts were made to 
replicate and formulate a procedure to successfully manufacture quality residual-
amended bricks. WTP residuals were mixed with various additives such as fly ash, kiln 
dust, shale etc to manufacture bricks. This effort failed to produce promising results, as 
the author was unable to develop a proper manufacturing process under the laboratory 
setup. The residual amended brick molds from the kiln were soft and showed numerous 
cracks throughout the body. Thus further testing on the brick molds could not be carried 
out. 
The third phase dealt with mixing different types of Sorbond® with WTP residuals. 
Unconfined compressive strength, compaction tests and durability tests were conducted 
on the final cured samples. The results were compared with the properties of WTP 
residuals to illuminate the change, if any, in the properties. 
The results indicate that the residual-sorbond® mix showed better strength values 
as compared to the WTP residuals. Also the freeze-thaw and wet-dry durability 
characteristics of the residual-sorbond • mix was greatly enhanced to qualify the product 
for engineering applications. A proportion of sorbond®, as low as 10% by dry weight, 
mixed with WTP residual can be compacted in the field provided the mix was allowed to 
dry for two days. 
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CHAPTER I 
INTRODUCTION AND STATEMENT OF PROBLEM 
Water Treatment Plant (WTP) residual is an inevitable waste byproduct from water 
treatment plants. Though it can be considered as a replenishable natural resource in some 
cases, often it is economically and environmentally an unwanted burden. The quantities 
of residuals produced from WTPs in our modem society are staggering and continuously 
increasing. On a global scale, it is estimated that about 10,000 t/d of water treatment plant 
residuals are produced (Dharmappa et al., 1997). 
The problem of residual disposal for water treatment plants has received 
considerable attention in the past decade as a result of U.S. Public Law 92-500, the Water 
Pollution Control Act Amendments of 1972. (AWWA 70(9), 1978). This act clearly 
includes residuals from a water treatment plant as an industrial waste requiring 
compliance with the provisions of the act. Under the National Pollutant Discharge 
Elimination System (NPDES) provisions, a permit must be obtained for discharge from a 
water treatment plant. Disposal of WTP residuals to surface water or sewer falls under 
the jurisdiction of the Federal Water Pollution Control Act (FWPCA) Amendments and 
the Clean Water Act (CWA). In addition, the Marine Protection Research and Sanctuaries 
Act (MPRSA) and the Resource Conservation and Recovery Act (RCRA), which was 
amended in 1986 through the Hazardous and Solid Waste Amendments (HSWA) govern 
the disposal of WTP residual into ocean and land respectively. If a WTP residual is 
disposed in a landfill then it must comply with the RCRA. If a water treatment utility 
were to dispose the residual in a landfill that also accepted other wastes that contaminated 
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groundwater, the water utility could be liable to pay up for the cleanup even if the 
utility's residual did not contribute to the problem. 
The disposal of water treatment residuals is a problem that the water industry has 
been facing for quite some time. The problem is becoming greater as population increases 
and the laws governing the methods of disposal become more stringent causing disposal 
costs to increase. The current disposable options vary from discharge into a sewer 
treatment plant to landfilling but the search for a better alternative, which is both 
environmentally acceptable and economically feasible, has been the focus of many a 
study. The objective of this study is to find a beneficial use for the residual from a water 
treatment plant. 
Water treatment plant residuals used in this study was obtained from the Jersey 
City Water Treatment Plant (JCD) in Boonton, New Jersey. Additionally, tests were also 
carried out on two water treatment residuals procured from the Haworth Water Treatment 
Plant (HWD), NJ and the Wanaque Water Treatment Plant (WQD), NJ. Water treated in 
the JCD facility is collected from the Rockaway River and Boonton Reservoir. This plant 
produces 47 to 80 mgd (1.7 to 3.0 x 105 m3/d) of water. Impurities in the water include 
color, turbidity, iron and hardness. Treatment processes consist of rapid mix coagulation, 
flocculation, sedimentation, filtration, and chlorination. Lime, polymer and alum are used 
as coagulants. WTP residuals, produced from coagulation and filtration, are conditioned 
by adding a 59 percent lime agent and are dewatered with a frame filter press. The 
amount of residual cake generated in this plant was approximately 8,000 lb/d (3,616 
kg/d). The dewatered residual has a solids content of about 25-35 percent. The WTP 
residual sample was collected from residual pile at the facility. 
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The water treatment process at the Wanaque Treatment Plant, with an average 
capacity of 105 mgd (4.0 x 105 m3/d), involves pretreatment (premix basins and reaction 
basins), coagulation, sedimentation, and filtration. Alum and polymer are used as 
coagulants. WTP residuals, produced from the settling basins and filters, flow to lagoons 
and have an average solids content of 0.25 to 1.0 percent. The residuals are dewatered 
using a belt press to a concentration of 14 percent solids content and then air-dried in a 
drying bed. The residual sample was collected from the belt press. 
The water at the Haworth Water Treatment Plant, Harrington Park, NJ is first 
pumped into an ozone contactor. The water is subjected to flotation-skimmer and dual 
media filtration and finally flows into the distribution system after disinfection. The 
impurities in the raw water include hardness and color. Alum and activated carbon are 
used as the coagulants. Ozone is used as the primary disinfectant. The backwash water 
from the dual media filters is pumped into the lagoons and is transported to the drying 
beds after thickening. The residual sample was collected from the drying bed. 
This study focused on finding a beneficial use of water treatment plant residuals. 
The study procedure was essentially broken down into two parts. The first part 
concentrated in the area of residual utilization in brick making and the second part 
concentrated in the area of chemically conditioning the water treatment plant residual by 
mixing with different additives for developing as a stabilized product. 
In prior studies conducted it has been shown that brickmaking is a possible 
alternative option using wastewater treatment plant residuals. However most of the 
studies conducted used sewage plant sludge and very few studies dealt with water 
treatment plant residuals. Two facilities in the United States, one in Durham, North 
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Carolina and the other in San Jose, California have been known to successfully substitute 
water treatment plant residual for clay in brick production. Substantial energy and 
revenue savings were reported in both these cases because of the unique residual-
brickmaking alternative. (Cornwell et al., 1990) 
Bricks are prismatic units available in a variety of colors, sizes, textures and 
shapes (ASTM C 216-97). Brick manufacturing still follows the basic steps of centuries 
past. Brick are manufactured from clay, shale, or similar naturally occurring earthy 
substances by subjecting the moulds to heat treatment at elevated temperatures (firing). 
The heat treatment develops a fired bond between constituents to provide the strength and 
durability requirements. 
Various attempts were made in the laboratory to manufacture bricks by mixing 
Water Treatment Plant (WTP) residuals with additives such as Fly ash, Bentonite clay, 
Kiln dust in various proportions. Also naturally occurring shale was procured from the 
Glen-Gery Brick establishment at Somerville, New Jersey for adding to the mix. The raw 
materials were initially mixed in various proportions by hand containing approximately 
20-30 percent water by dry weight and then bricks were formed in the molding units. The 
wet units were first air-dried before the firing process began. The final products out of the 
kiln either cracked or were too "raw" for further testing to be done on the samples. 
Hence, the focussed of this study shifted to chemically conditioning the water treatment 
plant residual by adding different additives such as fly ash, kiln dust, bentonite cement 
and commercial products such as Sorbond®. The choice of additive was narrowed down 
to commercial product Sorbond®, manufactured by the American Colloid Company, 
Illinois, U.S.A. 
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In prior studies conducted at the New Jersey Institute of Technology (N.J.I.T), it 
was determined that water treatment residuals could be used as landfill liner if the water 
content of the residual could be reduced to about 80% (Raghu et al., 1987). Residuals 
from the water treatment plants were mixed with additives such as Sorbond® in an 
attempt to reduce the water content of the residual. The study showed promising results 
with one type of Sorbond® and in that the residual-sorbond® mixture met the 
requirements of a secondary liner material in sanitary landfills (Sockanathan, 1997). This 
study is an extension of the work done at N.J.I.T using the sorbtive substance Sorbond®. 
Various other types of Sorbond® were tried and mixed with the water treatment residual 
in an attempt to dewater the residual from its high water content to one where the mixture 
could be used as a good fill material. 
The requirements of beneficial application for water treatment residual generally 
necessitates extensive pretreatment and in many cases, they are not economically viable 
and cannot, as yet, be regarded as practical. However, this research deals with, and hopes 




Historically, water treatment plant residuals used to be discharged into the nearest water 
course or sewer systems with little or no pre-treatment. Currently, dewatered residuals are 
disposed of via waste landfills at a significant cost to the water treatment plant operators. 
But due to increasing effluent discharge standards this age-old practice has to be re-
evaluated to reduce the disposal costs. 
Treatment facilities in the United States can be broadly divided into four general 
categories. The first type of treatment facilities are those that coagulate, filter and oxidize 
surface water for removal of turbidity, color, bacteria, algae, organic compounds, and 
often iron and/or manganese. These facilities generally use alum or iron salts for 
coagulation and produces residuals as waste streams. The majority of the waste streams 
produced from these facilities are from the sedimentation basin (or clarifier) and filters. 
The second type of treatment plant utilizes softening process for the removal of 
calcium and manganese by the addition of lime, sodium hydroxide, and/or soda ash. 
These plants produce clarifier basin residuals and filter backwash wastes. On occasion, 
plants will carry out both of the above treatment technologies. It should be noted that 
softening plant residuals can contain sometimes traces of inorganics, such as radium, that 
could affect proper handling. 
The third type of plant is designed to remove specifically trace inorganic 
substances such as nitrate, fluoride, radium, and arsenic. These plants use processes such 
6 
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as ion exchange, reverse osmosis, or adsorption. They produce liquid wastes or solid 
wastes, such as spent adsorption materials. 
The fourth type of treatment plant produces air-phase wastes, which are produced 
during the stripping of volatile compounds. (Cornwell et al. 1987, Cornwell et al. 1990) 
In order to achieve economical management of the WTP residuals, it is necessary 
to reduce the quantity of residuals by increasing their solids concentration. This can be 
achieved by appropriate treatment methods. The treatment of solid/liquid wastes 
produced in water treatment processes involves separation of liquid phase from the solids 
constituents to the degree dictated by the selected disposal method. Therefore the 
required degree of treatment is a direct function of the ultimate disposal method. 
Water treatment residuals from a chemical coagulation process typically have a 
0.5-2.0 percent solids concentration. It is difficult to gravity thicken these solids to a 
solids concentration greater than 3 to 4 percent. Residuals resulting from lime softening 
can be removed from settling basins at solids concentrations as high as 10 percent and 
may be gravity thicken to a 30 percent solids concentration. The WTP residual treatment 
and disposal system can be broadly into six categories: 
1. Thickening 
2. Conditioning 
3. Mechanical dewatering 
4. Drying 
5. Recycling 
6. Final disposal 
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Although thickening, mechanical dewatering and drying process results in an 
increase of solids concentration, the difference is in the degree of concentration achieved 
by each process. Thickening produces residual with a solids concentration of less than 10 
percent. Such residuals are still pumpable by conventional means and behave as a liquid 
material. On the other hand, dewatering results in residual with a solids concentration 
between 10-30 % and these residuals generally behaves as semi-solid materials. Further 
concentration is obtained by drying which results in almost solid material with 30-60 % 
solids concentration. This can be accomplished by incineration or natural air drying. 
While the former method has implications regarding air pollution the latter takes a very 
long time and requires a large area to achieve the objective. 
Mechanical dewatering offers a partial solution to the problem of WTP residuals 
disposal in that it greatly reduces the volume of residual to be handled and disposed of. 
The mechanical dewatering process, while advantageous in some respects, have some 
inherent disadvantages, It has high operation and maintenance costs, energy 
requirements, need for greater operator skill and attention, and lastly it produces a low 
cake solids concentration compared to incineration and natural air drying process. Thus 
air drying process would normally follow mechanical dewatering in most cases where 
reducing the moisture content of the waste is a requirement for ultimate disposal. 
Non-mechanical dewatering processes such as freeze and thaw and treatment by 
acid are also possible methods. However they are expensive, dependent on weather and 
in most cases is in the exploratory stages of development. 
Of the drying processes, the sand beds were historically the first method of 
dewatering the sludge from various sources and have been widely used in many 
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countries. They provide an economical method of producing a dry sludge cake. And have 
added advantage of requiring fewer mechanical equipment, operator skill and attention, 
and is less sensitive to influent sludge concentration. 
2.2 WTP Residual Characterization 
Characteristics of WTP residuals vary from one treatment plant to another depending on 
the raw water quality, treatment processes, chemicals added, and methods of dewatering. 
There have been several extensive studies on sludge characteristics conducted in the past 
(Novak and Calkins 1975; Knocke and Wakeland, 1983; Cornwell et al., 1987). These 
studies have indicated that WTP residuals is often characterized by high water content 
and resistance to mechanical or gravity dewatering. Typically WTP residuals consists of 
some chemicals, inorganic matter, and some bacteria and viruses. Sources of the soil 
particles and organic matter are the colloidal and suspended materials in raw water 
sources. 
Water in WTP residuals can be classified into four categories (Knocke and 
Wakeland, 1983; Huang 1979): 
1. Free water: This type of water is capable of moving freely by gravity and can 
be removed with ease by using dewatering equipment such as presses or by 
evaporation and drying due to weather. Sludge obtained from lagoons 
typically has a large quantity of free water and dewatered cake samples have 
very little. 
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2. Floc water: This type of water is free water trapped within the voids of the 
floc structure. Dewatered cakes have mostly floc water. Unless the floc 
structure is disturbed the floc water is difficult to remove from the sludge 
sample and hence significant amounts of energy is required to do this. 
3. Capillary water: This type of water is held tightly to the particle surface by 
surface tension forces. As compared to floc water, capillary water is not free 
to move and adheres to the surface of the solids. 
4. Adsorbed (bound) water: This type of water is bound (adsorbed) within the 
molecular structure of colloidal solids by hydrogen bonding. These water 
molecules are elliptical in shape and assume a configuration such that the 
positively charged portions are close to the negatively charged portions. A 
great amount of energy must be provided to break the strong bonding between 
the water molecules and the solid particles. 
It is a widely known fact that the water content (amount and distribution) of 
residual materials is the greatest single cause of variation in geotechnical properties of 
those materials. It not only alters the floc structure and particle sizes of the solids but also 
changes the ion concentration and complex formation within the residual. The 
geotechnical properties of the residual are a function of not only the physical and 
chemical composition of the solid content but also of the type, amount, and chemical 
nature of the pore fluids. The interaction or the change in the behavior between the sludge 
and liquid phase affect geotechnical properties such a compaction, shear strength, and 
permeability. (Raghu et al., 1997) 
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2.3 Disposal of Water Treatment Plant Residuals 
In the past few years, due to increased requirements for the treatment of water as a result 
of more stringent regulations, there has been a multiple fold increase in the production of 
residual and residual disposal related problems. WTP residual treatment and residual 
handling will have to be considered as an integral part of the water treatment system and 
not as a dead end nor as a separate process. In the long term, adapting the right type of 
water treatment system could minimize production of wastes and improve important 
WTP residual characteristics that affect residual treatment and possible beneficial 
applications. In the short term more practical and cost effective methods of disposal 
(other than landfilling) are needed. In theory, the range of possibilities is enormous but in 
practice, however, the number of viable possibilities is restricted by conditions of 
practical applications and government regulations and policy. Many studies have been 
conducted on methods of dewatering and disposal of WTP residuals (Barlow 1973; 
Cornwell et al., 1992; George et al. 1991; Harry and Michael 1973; Raghu and Hsieh 
1987a). Various methods of disposal were investigated in these studies and it was 
realized that determining the characteristics of the residual was important in developing 
criteria for disposal and handling. Direct discharge of sludge into a waterway was 
standard practice for many years. In 1953 a survey of 1530 water treatment plants 
revealed that more than 96% of the plants discharged into rivers and lakes (Elliot and 
Dempsey, 1991). The enactment of Clean Water Act of 1972 and 1977 amendment 
(PL95-217) has greatly limited the discharge of water sludge to waterways. A 1978 
survey of utilities indicated that only 11% of the respondents use direct discharge to a 
waterway as their disposal method. 
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However it would be interesting to note that one particular study in Kansas City, 
Missouri found that direct discharge to the Missouri River was environmentally preferred 
over other disposal options. The study concluded that there was no detrimental impact on 
the water of the stream or the benthic organisms. In addition, the researchers went on to 
discuss the potential adverse environmental impacts if the solids from the water treatment 
plant were land applied. Because of the volumes involved, discharge to sanitary sewers 
was rejected outright. The other practical alternatives available such as landfilling in 
monofils, agriculture, light commercial, and some residential uses were rejected either 
because of the non-availability of land, cost consideration and most importantly the 
volumes involved. (WEF/AWWA, 1995) 
Residual disposal in storage lagoons and landfills are two popular methods of 
handling WTP residual. Residuals are allowed to accumulate in a storage lagoon for 
disposal at some future date. Once filled, the storage lagoon will be cleaned from time to 
time for reuse or abandoned. This method is one the more inexpensive means of handling 
residuals. The more commonly used method of final disposal is landfills. The sludge is 
either disposed in a trench or deposited above ground to form a mound. Problems with 
landfill disposal include dwindling land capacity and the potential for leaching of the 
filtrate into the ground water supply (Elliot and Dempsey, 1991). 
Although land application of WTP residual has been practiced for at least 50 
years, it is becoming more popular as a means of WTP residual disposal. Land 
application can be defined as "the controlled spreading of sludge or WTP residual onto or 
incorporation into the surface layer of soil to stabilize, degrade, and immobilize sludge or 
WTP residual constituents." Methods of land application include application to cropland, 
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reclamation of strip-mined areas, and use as a cover material for a landfill (Elliot and 
Dempsey, 1991). 
Other more specialized methods of disposal include co-disposal with other waste 
stream products, recalcination and incineration. WTP residuals are usually poor 
candidates for incineration due to heir low organic content and low heat value as 
compared to sewage sludge. 
The various methods for disposal of water treatment residuals can be broadly 
divided into eight categories: 
1. Direct discharge to a receiving stream 
2. Codisposal with a sewage sludge at a waste treatment plant 
3. Nonmechanical dewatering methods 
4. Mechanical dewatering methods 
5. Incineration 
6. Land application, for soil stabilization and for agriculture 
7. Landfilling 
8. Others (including Reuse/byproduct manufacturing; solidification/stabilization 
with additives, construction materials etc.) 
In many areas, scarcity of available land for disposal together with increasing 
environmental concerns, have kindled the interest in recycling and reuse of WTP residual 
into construction materials. Studies have been conducted by various researchers in using 
WTP residual and residual ash as building and construction materials. (Alleman and 
Berman, 1984; Tay, 1984; Kato and Takesue, 1984; Elkins et al., 1985; St. George, 1986; 
Tay, 1987; Bhatty and Reid, 1989; Tay and Snow, 1991). The use of residual as a 
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construction material not only could alleviate the disposal problems; it also results in 
ecological and energy saving advantages. 
Extensive studies have been conducted in the area of sludge and residual 
utilization on brick making. This aspect of utilization of sludge and residual in 
brickmaking is an alternative concept since it is an appropriate way of recycling waste 
material. This technique extracts from the residue the benefits of its energy content and at 
the same time destroys or nullifies pathogens and heavy metals, its harmful constituents 
(Churchill, 1994). In one of the studies, initially small quantities of sludge were mixed 
with the clay from which batches of brick were made using the normal production 
techniques. Over a period the proportions was gradually increased, but it was found that 
at levels of sludge above 45 % problems were experienced with both distortion and 
cracking of the bricks and control of kiln temperature. At approximately 30 % sludge 
content, the bricks produced met the manufacturer's standards regarding properties and 
appearance. Substantial fuel savings were indicated (Slim and Wakefield, 1991) 
The clay used in the above study was a gray marine deposit of the Sunday's River 
formation. Sludge and Clay were blended from viable box feeders, equipped with rotating 
tines, discharging onto a conveyor. The mixture of clay and sludge is passed through a 
disintegrator that reduces the particle sizes to less than 12 mm in diameter. This crushed 
clay and sludge is brought to a consistency of 20 % moisture, molded, and air-dried for 
approximately 2 weeks before firing in a kiln. In the kiln the clay-sludge mix first enters 
at a temperature of 100 °C and then goes through the whole cycle of heating and cooling 
over a period of 76 hours. During this period the temperature is raised to around 1100  
and then gradually cooled down over the length of the kiln 
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It has been found by the above study that bricks produced as a result of the above 
process and mix is that they are indistinguishable in both appearance and color from 
conventional clay bricks. A total shrinkage of 14 % was seen in this case. The average 
compressive strength, measured in this study, was 40.7 MPa (5,900 psi). These results 
were comparable to those given by Alleman and Berman (1984) of 48.2 MPa (6,990 psi) 
and Tay (1987) of 39.5 MPa (5,730 psi) for bricks manufactured with 30 % sludge. 
In another related study, it was shown that mixture of sewage sludge and clay 
produced bricks of lower compressive strength, higher water absorption and a lower brick 
weight when compared with bricks manufactured without the addition of sludge. Work 
carried out in Singapore (Tay, 1987) showed that the compressive strength of bricks 
produced from clay was 87.2 MPa (12,650 psi) reducing to 37.9 MPa (5,500 psi) when 
40 % by volume of sludge was added. However this work showed that relationship is not 
linear, in fact, 10 % by volume of sludge added caused a 30 % decrease in compressive 
strength. Other published works quoted (Tay, 1987) 50 % reduction in compressive 
strength for a 50 % addition of sludge. However, these changes in properties need not be 
detrimental, especially if the bricks are durable. Many of the higher strength, low water 
absorption bricks are used in situations where these properties are not required. 
Other problems encountered with the use of sludge in brickmaking are poor 
extrusion characteristics, curing and bloating of the fired bricks (Cabrera and Stentiford, 
1986; Alleman, 1984) and large variation in brick properties (Slim and Wakefield, 1991). 
Work done in Singapore noted poor column compaction and extrusion difficulties above 
40 % sludge addition. Cabrera and Stentiford reported that there had been a tempering 
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problems when dry sludge is added to clay since it was capable of absorbing so much 
water. 
There seem to be differences of opinions over the appearance of sludge amended 
bricks. Some manufacturers claim that there are changes and that it is advisable to use 
sludge from one source while other say there is no change. The work in Singapore 
reported uneven surface textures when dried sludge additives were made. With respect to 
the large variation in brick properties, it was considered that this was due to the poor 
mixing of sludge and clay (Messaros, 1989). 
From all the related studies sufficient evidence exists to suggest that sludge 
additives to clay could prove to be beneficial in terms of waste recycling, energy saving 
and cost cutting. The potential benefits are sufficiently attractive to justify further 
laboratory investigation of adding water treatment residuals to clay, and dependent on the 
outcome of this research, possible factory scale trials. 
In the second part of the research was conducted on the solidification and 
stabilization of the water treatment residual by chemically conditioning with certain 
additives. Before starting the discussion, it is necessary to define two key terms, 
solidification and stabilization. They are often used interchangeably but mean different 
things. Solidification is the act of tying up free water in a waste to improve its handling 
characteristics. In general it can be simply defined as the conversion of a liquid material 
into a non-liquid material. When referring to solids it would mean a decrease in the 
available surface area. On other hand stabilization would refer to the treatment of a waste 
which results in the decrease of the mobility of contaminants in the waste. 
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Solidification/Stabilization (S/S) binding processes have been known to be 
practices from ancient times. They were developed from man's attempt to better 
navigation and transportation. The Solidification/Stabilization (S/S) technology could be 
traced back to Chinese Dschou dynasty (3000 B.C) and in second century B.0 Roman 
empire where mortar called pozzolana was used for harbor protection and road 
construction. Water treatment by S/S processes can be traced back to the disposal of low 
level radioactive wastes in the 1950's. Though the S/S technology has done wonders 
when dealing with radioactive and hazardous wastes, in recent times attempts were made 
to use it as an alternate disposal option of water treatment residuals. In the 1980's, 
amendments to the Solid Waste Disposal Act (SWDA), Resource Conservation and 
Recovery Act (RCRA), and the Hazardous and Solid Waste Amendments (HSWA) 
provided guidance to the S/S systems. With new amendments such as prohibitions on 
liquid disposal of wastes in landfills, with a strength requirement of 0.35 MPa (50 psi) for 
solidification processes and no free liquid passing the paint filter test, the S/S processes 
have been recognized to be of enough importance to be included in the EPA's SITE 
program and other such related remediation and waste disposal programs. (Barth, 1990) 
There are numerous types of Solidification/Stabilization (S/S) processes listed in 
the literature and can be broken don to the following six categories:  
a) Cement based binders 
i) Portland cement 
ii) Cement kiln dust 	  
iii) Fly ash mixtures 
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b) Lime based binders 
i) Lime 
ii) Lime kiln dust 
iii) Mixtures of lime and fly ash 
c) Adsorbents 
i) Hydro and organophillic clays 
ii) Wood chips, sawdust, rice hulls 
d) Thermoplastic materials 
i) Asphalt bitumen 
ii) Thermoplastic polymers 
e) Thermosetting polymers 
f) Vitrification 
Before any S/S technical research need is discussed, academia must focus on reuse, 
recycling, or pre-concentration techniques. Alternate uses of waste products need to be 
evaluated and proven environmental acceptable. Also research must be conducted to 
fundamentally understand the bond formation between the contaminants and binder. 
Bonding strengths evaluation techniques needs to be evaluated for stabilization and 
strength purposes. A thorough understanding of the potential behavior of 
stabilized/solidified waste is necessary to make judgements as to the effectiveness of the 
contaminants containment. The complexity of some wastes is such that some of the 
chemical components of the waste may interfere with the proposed S/S process and cause 
an undesirable phenomenon. Various studies have been conduced to study the effects of 
these interfering components upon the particular S/S process. One such related study 
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dealt in detail with factors affecting Stabilization/Solidification of hazardous wastes. 
(Jones et al., 1986). Since most S/S systems incorporate various cement configurations, 
some interferences may be between admixtures in cement chemistry and certain 
interferences in S/S processes. 
In the production of Portland cement concrete, the use of chemical additives to 
control setting times, to reduce water requirements, to entrain air, and to create many 
other beneficial effects is common practice. The changes in properties affected by 
additives are assumed to reflect fundamental changes in the hydration products. Four 
conceptual models of interfering mechanisms —adsorption, complexation, precipitation, 
and nucleation were discussed. The effects of different organic compounds on the 
physical properties were discussed and documented. The paper concludes that for any 
successful S/S technology all the possible interfering components must be evaluated 
before applying the technology. The objective for any successful 
Solidification/Stabilization (S/S) process would be to: 
(a) Chemically react with the free water in the waste to form a dry solid 
(b) Make the contaminants as immobile as possible 
The various binders available in the market must be able to achieve the above two by 
first chemically reacting with the free water and then possibly further restricting the 
mobility of the contaminants by encapsulating them in the resulting matrix. 
Many site-specific considerations must be considered before selecting a 
Solidification/Stabilization (S/S) process. The physical consistency of the waste and its 
toxic constituents must be determined beforehand. One must also ascertain whether the 
waste is located at a remediation site where it will remain after fixation, or whether it will 
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be sent to a landfill. If the waste is going to a landfill, then the economics of a process 
dictates that it be solidified and stabilized a fast as possible, so that operating time will be 
minimized. If the waste's final resting place will be an unlined or open pit area at a site, 
then the trade-off between speed and environmental impact becomes more difficult. 
Finally work must be carried on the selected binder system and the water treatment 
residual. Four factors that could impact the utilization of S/S technology over others are: 
(a) Economics: Currently. Many S/S processes are being implemented because 
process costs are lower than several other technologies, especially if performed 
in-situ. 
(b) Regulations: Existing and developing regulations on recycling, reuse, volume 
reduction, destruction favor the use of S/S technology over others. 
(c) Research and Development: Research and Development activities usually 
strongly follow regulations. As a result of the existing regulations there seems to 
be a growing interest in S/S technologies. 
(d) Pubic Acceptance: There is a growing concern with S/S processes since waste is 
not destroyed after treatment. However, the public also treats destructive 
technologies that may include potential air emissions with concern. 
Chemical conditioning the residual to produce a solidified and a stabilized sludge, by 
the addition of polyelectrolyte inorganic chemicals, or acidification, is by far a trial and 
error process. In this research project, attempts were made to study the effects and dosage 
quantities of a specific commercial product, Sorbond®, for the purpose of dewatering the 
residual to appropriate water content. Manufactured by the American Colloid Company, 
Illinois, USA; Sorbond® Solidification/Stabilization agents are custom blended agents 
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used to stabilize, solidify, and fixate a variety of non-hazardous wastes. The company 
claims that Sorbond® solidifying agents are produced from special blends of unique 
natural minerals and man made sorptive agents (a blend of pozzolonic silicates as well as 
organophilic minerals) that are able to absorb many times their weight. The agents react 
with aqueous liquids tying them up irreversibly in most cases. A natural cohesiveness is 
exhibited by Sorbond® that makes it extremely effective as a binder material for residual 
materials resulting in a residual-Sorbond® mix with higher compressive strengths. The 
characteristics of the Sorbond® are dealt in detail later in this report. 
In earlier studies carried out at New Jersey Institute of Technology (N.J.I.T.), one 
type of Sorbond®-UP was mixed in different proportions with the WTP residual to 
explore the feasibility of using this mix as a secondary liner for sanitary landfill. In this 
study it was pointed out that it would be feasible to use the water treatment plant residual 
as a secondary liner if the water content of the residual was reduced to about 80% (solids 
content of about 40 %). Various methods to accelerate and accomplish the dewatering of 
sludge were tried. The final choice of dewatering by chemical condoning the sludge with 
Sorbond® was undertaken. The resulting mix had an average cation exchange capacity 
(CEC) of 35.9 milli equivalents per 100 grams (meq/100g) thus meeting the NJDEP 
requirement of 15 meq/100g for use as a sanitary landfill liner. The mix containing WTP 
residual and Sorbond®-UP in proportion of 1:0.3 and 4 days of air drying was noted to be 
a workable mix for compaction purposes. Also the residual-sorbond® mix performed 
better than bentonite-residual samples as far as freeze and thaw effects are concerned. 
This study was an extension of the earlier work carried out on the residual-sorbond® 
mix. In addition to the Sorbond® type studied in the aforementioned work, other types of 
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Sorbond® were also tried and tested. Particular interest of this residual-Sorbond® mix lies 
in working with water treatment residual from the Jersey City Water Treatment Plant in 
Boonton, New Jersey and finding a beneficial use for this residual. 
CHAPTER III 
MATERIAL AND METHODS 
3.1 Introduction 
The characteristics of WTP residuals influence criteria for determining the process used 
for obtaining a specific objective. Design and operation of the water treatment plants for 
the most part determine the behavior and the properties of the WTP residuals. Besides the 
factors such as the type of coagulant and coagulant aid added, method of dewatering, 
amount of metal ions, suspended solids, and colloidal matter removed; the chemical and 
physical properties are also affected by the quality of the raw water being treated. 
Typically WTP residuals consist of chemicals, inorganic matter such as silt, 
hydroxides of Alumina, Iron, Calcium, etc. and traces of bacteria and viruses. However 
the bulk of the residuals is characterized by high water content. As discussed earlier, the 
source of water in the residuals can be grouped into four categories: free water, floc 
water, capillary water, and bound water. Out of the above four the bound water is the 
most difficult to dewater. Efforts were made in the laboratory studies to remove this 
bound water from the residuals by chemically conditioning the WTP residuals with 
different additives. 
3.2 General Characteristics of WTP Residuals 
The phsio-chemical characteristic properties of the WTP residuals can be broadly 
classified into two major categories: microproperties and macroproperties. The 
microproperties are those which define the influent conditions of the residuals and can be 
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treated as suspension characteristics. The macroproperties describe the residual 
characteristics that are dependent on the microproperties of the WTP residuals. The 
macroproperties directly determine the treatability of the residuals. The microproperties 
such as particle size distribution, solids content, water content and macroproperties such 
as compressibility and shear strength tests were conducted to determine theses properties 
for the WTP residuals. A complete description for each test carried out on the WTP 
residuals are described below. 
In this section, geotechnical tests were conducted to determine the natural water 
content, organic content, particle size distribution; liquid and plastic limits; specific 
gravity of solids; compaction; and shear strength. Most of these tests were conducted in 
accordance with the relevant ASTM standards as shown in table 3.1 for soil testing. 
Table 3.1 Experimental Methods Employed 
Test Parameter 	 Method 	Reference 
Natural water content 	 ASTM D 2216 	ASTM 1993 
Specific gravity tests 	 ASTM D 854 	ASTM 1993 
Organic content determination 	ASTM D 2974 	ASTM 1993 
Grain size analysis 	 ASTM D 421,D 422 	ASTM 1993 
Atterberg Limits 	 ASTM D 4318 	ASTM 1993 
Compaction tests 	 ASTM D 698 	ASTM 1993 
Unconfined compression tests 	ASTM D 2166 	ASTM 1993 
Freeze-Thaw 	 ASTM D 560 	ASTM 1993 
Wet-Dry 	 ASTM D 589 	ASTM 1993 
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In some cases, these procedures were modified to suit the WTP residuals. Such changes 
are explained in the pertinent sections of this report. 
3.2.1 Water Content Determination (ASTM D 2216, 1993) 
Water content is an important parameter which influences the behavior of cohesive soils 
in particular. The natural water content of the WTP residuals is determined by the oven 
drying method. The method basically consists of drying a weighed moist sample of the 
residual in an oven in a controlled temperature. The recommended temperature for this 
test is 105-110°C. However because of an appreciable organic content of the WTP 
residuals a lower temperature of 60 °C was used. The water content of the sample was 
determined as follows: 
 
w% = (W1-W2/W1-W2)x100=WwW2x100 
 
where 
w% = water content % 
W1 
 = mass of container and moist specimen, g. 
2 = mass of container and oven dried specimen, g. 
WC = mass of container, g. 
Ww = mass of water, g. 
Ws = mass of solid particles, g. 
This definition of water content would be used through out in this report. 
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3.2.2 Organic Content Determination (ASTM D 854, 1993) 
The organic content of the WTP residuals was determined by heating the sample at a 
temperature of 600 °C. The moisture content of the sample was first determined at 105 °C 
and finally the organic content of the sample was determined by igniting the sample in a 
muffle furnace at the specified temperature. The organic content of the sample was 






MC = mass of container, g 
M105 = mass of oven dried sample at 105°C, g. 
M600= mass of container with dried sample at 600°C, g. 
3.2.3 Particle Size Distribution of Solids (ASTM D 421-422, 1993) 
Particle size distribution of solids was determined by hydrometer analyses. This test was 
necessary to determine as to whether the residual will behave like a granular (sand) 
material or as a cohesive material (clay). 
The hydrometer test is most convenient for determining particle size determination 
of soil fraction less than 75-micron size. The hydrometer analysis utilizes the relationship 
of the velocity of freely falling solids in an infinite fluid medium with the diameter of the 
solids, the specific weights of the solids and the fluid, and the viscosity of the fluid. The 
relationship between these parameters is expressed by Stokes' law. In the test, a known 
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quantity of sample was dispersed in water in a cylinder and agitated thoroughly into a 
thin suspension. The change in density of the suspension at known depths was recorded 
as the solid phase settles out according to Stokes' law. 
A 5% solution of sodium hexametaphosphate was utilized as a dispersing agent 
(as recommended by ASTM). 
3.2.4 Specific Gravity of Solids Tests (ASTM D 854, 1993) 
The specific gravity of solids is defined as the unit weight of the particle divided  by the 
unit weight of distilled water at 20°C. It is an important parameter that  provides an insight 
into the soil behaviors and its composition. Specific gravity was  used to compute void 
ratio, porosity, degree of saturation and other soil parameters.  This property is influenced 
by the chemical composition of the solids. In this test,  removal of air from the sample 
was accomplished by the application of vacuum to the  sample. Heating was not utilized 
since it would result in loss of organic/solids. 
3.2.5 Liquid Limit and Plastic Limit Tests (ASTM D 4318, 1993) 
The liquid limit is the minimum water content at which the soil will flow under a 
specified small disturbance. At liquid limit, the mass possesses a small but measurable 
shear strength. Plastic limit is the minimum water content at which the soil can be 
deformed plastically. These two parameters are used for classification of fine-grained 
plastic soils. Since WTP residuals are plastic and fine-grained, these limit tests were 
performed. These limits of water content, though empirical in nature, are of great 
significance in understanding the behavior of the residuals. These tests were conducted 
28 
from the wet side as referred to in this report, meaning that the water contents of the 
samples were gradually decreased. This was done as drying causes irreversible changes 
in the floc structure and hence the properties of residuals also change (Raghu et al., 
1987b, Raghu et al., 1997). 
3.2.6 Compaction Tests (ASTM D 698, 1993) 
Compaction is a process by which the density is increased by reduction in the air voids. 
The primary objective of compaction is to improve the engineering properties of the 
sample mass. Efforts to achieve high dry density is related to the moisture content (or 
solids content) of soil. For normal soils, the compaction curve (dry density vs. moisture 
content or solids content) is of one hump form under the same compaction energy 
exhibiting a well-defined peak (Raghu et al. 1997). Therefore, at optimum moisture 
content or solids content, maximum dry density can be obtained based on this compaction 
curve for a certain type of soil. Compaction tests for soils were conducted from dry side 
(from lower moisture content to higher moisture content). For WTP residuals compaction 
characteristics were determined from the wet side. This would simulate field conditions, 
since the residuals are wet, and in original condition. 
3.2.7 Unconfined Compression Tests (ASTM D 2166, 1993) 
The unconfined compression test is used for obtaining the shear strength of residual 
samples. Shear strength of a sample is the capacity of the sample to resist shearing action. 
It can be defined as the maximum value of shear stress that can be mobilized within the 
soil mass. Harvard Miniature Test Apparatus was used to prepare the samples. 
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Cylindrical specimens 1.3 in. (33 mm) in diameter and 2.8 in. (71 mm) long were made 
for each residual sample. Load was applied, in an unconfined compression test apparatus, 
in the vertical direction on each specimen at a controlled rate until failure occurred. 
3.3 Mixing of Additives with WTP Residuals for Manufacture of Bricks  
The main purpose of this study is to find a possible alternative in the use of WTP 
residuals in the manufacture of bricks. Various additives such as kiln dust, fly ash, 
bentonite clay and finally shale was mixed in different proportions with the WTP 
residuals. The manufacturing procedures, used in the laboratory premises were similar to 
those used in the commercial production of bricks. 
Essentially, bricks are produced by mixing ground clay with water, forming them 
into desired shapes, then drying and firing them. The manufacturing procedure has six 
different phases: 
• Wining and storage of raw materials 
• Preparation of raw materials 
• Forming units 
• Drying 
• Firing and cooling 
• Drawing and storing finished products. 
3.3.1 Wining and Storage  
To win means to obtain. Different raw materials for trial mixing with the WTP    residuals 
were obtained before starting experimentation. Fly ash, Kiln Dust, Blast  furnace Dust, 
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Bentonite clay and finally Shale from the Glen Grey Jersey Shale Plant located in 
Somerville, New Jersey. Shales are clays that have been subjected to high pressures until 
they have hardened almost to the form of slate. Chemically shale is a compound of silica 
and alumina with varying amounts of metallic oxides and impurities. Although 
technically metallic oxides are impurities, they act as fluxes, promoting fusion at lower 
temperatures Metallic oxides (particularly those of iron, magnesium and calcium) 
influence color of the finished fired product. 
3.3.2 Preparation  
In the preparation for the process, all large chunks of shale were removed from the 
sample by hand. Other raw materials such as Fly ash, Kiln Dust, Blast furnace Dust, and 
Bentonite clay were used in the "as-is" condition. 
3.3.3 Forming  
Tempering, the first step in the forming process produces a homogeneous, plastic mass 
ready for molding. It is commonly achieved by adding water to the clay in a pug mill, a 
mixing chamber that contains one or more revolving shafts and blades. . After pugging, 
the now plastic clay mass is ready to go to the forming step. 
In the laboratory, different combinations of additives (Fly ash, Kiln Dust, Blast 
furnace Dust, Bentonite clay and Shale) were added to the WTP residuals. The 
concentration of WTP residuals in the shale-residual trial was varied in increments of 10 
i.e. 10%, 20%, 30%, 40% and 50%. Two different WTP residuals (JCD and WQD) were 
tried for this purpose. (Table B.2). Other trial combinations of WTP residuals with 
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additives fly ash, kiln dust and blast furnace dust are given in table B.2. The soft mud 
process for brick forming was used in the laboratory. This process is in particularly 
suitable for clays that contain too much natural water content. The procedure consisted of 
mixing the shale and WTP residuals to around 20-30 percent water content by dry weight 
of shale. The sample was mixed well with hand to get a homogenous mix. The mix was 
formed into rectangular molds made out of aluminum foil. To prevent the shale-WTP 
residual mix from sticking, the molds were lubricated with water. Bricks produced by this 
process are referred to as "water-stuck" bricks. 
3.3.4 Drying  
When wet clays come from the molding units, they contain from 20-30 percent moisture. 
Before the firing process begins, most of the water is evaporated in dryer chambers at 
temperatures ranging from 38 °C to 204 °C. Drying time is usually maintained from 24 to 
48 hours. The heat and humidity must be carefully regulated to avoid excessive cracking 
in the ware. 
In the laboratory, for the first trial batch, the molds were first air-dried for 24 
hours before being placed into the furnace in which the temperature was ramped from 45 
°C to 150 °C. In the second trial the samples were air dried for 48 hours and then placed 
in the furnace. 
3.3.5 Firing and Cooling  
Firing is one of the most specialized steps in the manufacture of brick, requiring  from 40 
to 120 hrs, depending upon kiln type and variables. Dried units are set in  a prescribed 
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pattern that permits free circulation of hot kiln gases. The kiln is loaded, fired, allowed to 
cool and unloaded, the temperature ramped accordingly. Firing may be divided into six 
general stages: 1) water-smoking stage (evaporating free water), 2) dehydration, 3) 
oxidation, 4) vitrification, 5) flashing, and 6) cooling. All except flashing and cooling are 
associated with rising temperature in the kiln. Water soaking takes place at temperatures 
up to about 204 °C, dehydration from about 140 to 982 °C, oxidation from 538 °C to 
982 °C, and vitrification from 871 °C to 1316 °C. After the temperature has reached the 
maximum and is maintained for a prescribed time, the cooling process begins which 
usually last from 24 to 72 hours. 
In the laboratory for the first trial the temperature of the furnace was ramped from 
150 °C to 600 °C (Figure B.1) over a two-day period. The furnace was then shut off and 
the samples were removed from the furnace and kept in the open for air drying to room 
temperature. In the second trial the furnace temperature was ramped from 150 °C to 700 
°C over a two day period . The kiln was maintained at this temperature for a period of 12 
hours (Figure B.2). The furnace was then slowly cooled from 700 °C to 100 °C as shown 
in figure B.2. The molds were then removed and air-dried to room temperature. 
3.3.6 Drawing 
Drawing is the process by which the kilns are unloaded and the brick units are sorted, 
graded. Packaged and stored or shipped. 
The testing methods for the bricks could not be carried out because of the 
characteristics of the final products. A detailed explanation of the failure of the testing 
methods is provided in the Chapter IV "Results and Discussion". 
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Sorbond® is a solidifying agent produced from special blends of unique natural minerals 
and man made sorptive agents capable of absorbing aqueous liquids. They are custom 
blended to stabilize, solidify, and fixate a variety of non-hazardous wastes. The agents 
react with aqueous liquids bonding them irreversibly in most cases. A natural 
cohesiveness is exhibited by Sorbond® that makes it extremely effective as a binder 
material for residuals. 
There are various types of Sorbond® produced by the American Colloid Company, 
Illinois, USA. The Sorbond® formulas being specially designed to meet different 
objectives and site specific needs. The different types used of Sorbond® tested with the 
water treatment residual are listed in Table 3.2. 
Table 3.2 Types of Sorbond®  and the Cost/ton 
Sorbond® Cost/ton 
Sorbond UP $ 136.00 
Sorbond UG $ 136.00 
Sorbond  ES $ 220.00 
Sorbond  LPC II $ 495.00 
Sorbond LOC 20 $ 900.00 
Source: Technical Data Sheet, provided by 
The American Colloid Company, IL, USA 
The technical data sheet for Sorbond® and the three most favorable sorbond® -UP, UG 
and ES are discussed in appendix E. 
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The company claims that " Sorbond® is easy to use and minimizes the waste disposal 
problems by cutting down the total residual weight." The advantages of using Sorbond® 
Solidification agents include: 
• Safe to handle 
• Sorbs excess liquid in seconds 
• Can be added directly to the problem residual to produce a solid matrix 
• No high shear mixing required 
• Non-corrosive, Non-biodegradable and is harmless to the environment. 
• Imparts no odor. 
The company conducted various comparison tests with other available solidifying 
agents and the results of the comparison are described in the following graphs and tables. 
Table .3 Comparison between Sorbond® and Cement 
Description Sorbond® 	 Cement 
Equivalent 
Costs 
WTP 	residuals 	fixates 	with 	WTP residuals fixated with cement 
Sorbond® less than those fixated 	costs 	$0.06/pound, 	more 	than 
with cement 	 residual fixated with Sorbond® 
Volume Sorbond® 	decreased 	total 	Cement increased total disposable 
disposable waste by 25% 	 waste by 25% more than Sorbond. 
Hazardous 
Effects 
None 	 Dangerous 	when 	inhaled 	and 
exposed to skin 
Quantity 
Comparison 
Sorbond® 	solidifies 	the 	same 	Cement solidifies with three times 
amount of residual with one third 	the amount of Sorbond®. 
the amount of cement 
Source: Technical data Sheet provided by the American Colloid Company, IL, USA 
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Figure 3.1 Comparison of Sorbond with other solidifying agents 
Source: Technical Data Sheet, provided by the American Colloid Company, IL, USA 
Figure 3.2 Quantity of Sorbond® required to solidify residual Vs solids % 
Source: Technical Data Sheet, provided by the American Colloid Company, IL, USA 
Note: The above graph illustrates the relationship between the percentage of solids in 
a typical inorganic residual and the percent of Sorbond® added to meet the paint filter 
test. As demonstrated, the quantity of Sorbond® needed to solidify residual decreases 
substantially as the solids concentration of the residual increases. 
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3.5 Mixing the Water Treatment Plant Residuals with Sorbond® 
3.5.1 Preparation of Samples 
WTP residuals from the Jersey City WTP, Boonton, NJ; Haworth WTP, Harrington Park, 
NJ; and Wanaque WTP, Wanaque, NJ were initially mixed with different types of 
Sorbond® in varying proportions by dry weight (give in table C.1). The residuals and 
sorbond® were mixed to a homogenous composition by hand. 
3.5.2 Water Content Determination (ASTM D 2216, 1993) 
The mix of Sorbond® and the residual were air dried for a period of five days. Water 
content of the mixes was tested on a daily basis by the oven dry method at 60 °C. This 
low temperature was chosen because of the appreciable high organic content of the 
residual. 
3.5.3 Compaction Tests (ASTM D 698, 1993) 
Laboratory compaction tests were developed as a measure of quality control for field 
compaction. There is no direct correlation between laboratory and field compaction since 
the laboratory use impact energy whereas most filed methods use kneading action or a 
combination of kneading and static pressure. To overcome this shortcoming the Harvard 
Miniature test was used. 
The Sorbond®-residual samples were cured for a period of one week. Compaction 
tests were carried out on the samples by a Harvard Compaction Miniature Test apparatus 
and compaction curves developed for each sample. The dry unit weight of each sample 
was plotted against the water content. Each data point on the curve represented a single 
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compaction test. This curve is unique for every mix, compactive effort and method of 
compaction. Optimum moisture content (OMC) and Dry Unit Weight were determined. 
3.5.4 Unconfined Compressive Tests (ASTM D 2166, 199 ) 
The unconfined compressive strength of the sample mix was determined by an 
unconfined compressive strength test apparatus. The samples were prepared using a 
Harvard Miniature Compaction. The procedure is as described in section 3.2.7. 
3.5.5 Freeze-Thaw Test (ASTM D 560, 1993)  
In order to determine the stability of the residuals under field conditions, freeze and  thaw 
tests were conducted. Cylindrical specimens of 1.3 inches (33 mm) in  diameter and 
length 2.8 inches (71 mm) long were prepared temperature of -5±0.5 °C fo 24 hours. 
After this, the samples were allowed to thaw under room  conditions for 24 hours at a 
temperature of 24±2 °C. This 24 hours cycle of alternate  freezing and thawing was 
repeated 7 times, i.e., seven cycles, continuously for each  specimen from each residual 
sample at its original (natural) condition and sorbond®  mix. The specimens were stored in 
the freezer at a 
3.5.6 Wet-Dry Tests (ASTM D 589, 1993) 
The durability of WTP residuals-sorbond® mix to the above phenomenon of alternate 
wetting and drying was investigated by conducting wet/dry tests. Cylindrical specimens 
of diameter 1.3 inches (33 mm) and length 2.8 inches (71 mm) were prepared from each 
residual sample at its original (natural) condition. The specimens were submerged in 
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potable water for 5 hours at room temperature. Then the specimens were stored in a  low 
temperature oven at 160 °F (71 °C) for 36 hours and above. This cycle was repeated for 7 
times, i.e., Seven cycles, continuously for each specimen. 
Efforts were also made in the laboratory to find a mixing mechanism for the WTP 
residuals and Sorbond®. 
CHAPTER IV 
RESULTS AND DISCUSSION 
4.1 Geotechnical Characteristics of WTP Residuals 
To characterize the three WTP residuals being used for the research project various tests, 
as stated in Chapter III of this report, were conducted on the residuals. The results of 
these tests are shown in Table 4.1. 
The natural water content variation with time for the three WTP residuals without 
sorbond® are shown in figure 4.1. The water content progressively decreased over the 
period until the residuals reached a constant weight. Further drying proved fruitless in 
reducing the water content of the residuals. The author believes that out of the four 
categories of water quoted in the literature and in earlier discussion in chapter III, only 
bound water is believed to be still present in the WTP residuals. A great deal of energy is 
required to remove this bound water from the residuals. Interpreting the results obtained 
from these tests, it can be inferred that JCD, HWD, and WQD WTP residual contain 
40%, 40%, and 35% respectively as bound water. 
The particle size distribution of solids for the residuals as determined by particle 
size analysis showed that the residual samples JCD found to contain 14% silt or clay 86% 
fines and HWD contains 16% silt or clay and 84% fines. Both the samples were poorly 
graded materials. In the case of WQD residuals the sample was in the form of gel and 
thus the hydrometer test could not be performed. The grain size distribution curves are 
shown in graphs 4.2 and figure 4.3. 
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Table 4.1 Geotechnical Characteristics of WTP Residuals 
Property JCD HWD WQD 
Water Content (%) 115 314 500 
Organic Content (%) 12.65 40.09 49 
Specific Gravity 2.38 1.88 2.12 
Liquid Limit 129 371 690 
(wet to dry) 
Plastic Limit 33 228 20 
(wet to dry) 
Plasticity Index 95 144 670 
(wet to dry) 
Grain Size Data 14% sand, 86% 16% sand, 84% Could not be 
fines fines found (it was a 
Compaction 63% OMC & 59 130% OMC & 25 
gel) 
110 % OMC & 30 
(wet to dry) pcf MDD pcf MDD pcf MDD 
Unconfined Increasing trend Increasing trend Increasing trend 
Compression 
Note:    OMC = Optimum Moisture Content, 














Figure 4.1 Water content variation with time 
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Atterberg limits and indices are helpful to classify and predict the engineering 
behavior of the residuals. As we can see from the table of test results (table 4.1), all the 
residuals showed high plasticity, with WQD being excessively plastic with plasticity 
index of 670. Because of this and their spongy behavior and very low toughness at plastic 
limit, these residuals falls into the group of highly organic soils as per the "Unified soil 
classification system". These materials may form hard angular lumps which loose affinity 
to water when they rehydrate. 
From the results it can be seen that residual samples that had natural higher water 
contents usually had higher liquid and plastic limit. The natural water content of the 
sample JCD is close to the liquid limit value. As a result of this the material handling 
characteristics of this residual is poor. It is not possible to place this material for the fill in 
its natural water content as all particulate material possesses very poor shearing strength 
and handling characteristics. In the case of residuals HWD and WQD, in addition to the 
liquid limit the plasticity index is also high (for HWD the plasticity index is about 144 % 
and for WQD it is 670 %). As per the unified soil classification all the three residuals 
tested can be classified as organic silts of high compressibility. The shearing strength is 
low and the handling and compactability will be poor. 
The presence of organic matter decreases strength, handleability, compactability 
and specific gravity. The residuals WQD and HWD contain 49 % and 40 % organics. 
These residuals may have some promise in land and agricultural applications. The 
residual JCD can be thought of as a lining material to reclaim acidic soils because of its 
high pH due to its high calcium content provided the water content is reduced for 
compaction. Good investigation is required to qualify these assumptions. 
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Values of specific gravity of solids for the WTP residuals are shown in Table A3. 
The values for the WTP residuals range from 1.88 to 2.38 and were less than those of 
clay soils whose values range from 2.70 to 2.85 with a mean value of 2.75. This was due 
to the organic content within the residuals that decreased the specific gravity. However 
the specific gravity of WQD is higher than that of HWD even though it has an 
appreciable organic content. This could be because of the primary makeup of the WQD 
residual that is quite different from that of HWD. 
Compaction characteristics of WTP residuals were studied using wet-to-dry 
method. The procedure outlined in section 3.2.6 (ASTM D 698, 1993) was followed. 
Maximum dry density and optimum moisture content values were obtained from these 
tests. The maximum dry densities for ranged from 4.7 KN/m3 (30 pcf) to 9.2 KN/m3 (59 
pcf) and the optimum moisture content ranged from 52 % to 130 %. All the residuals, 
especially HWD and WQD, have high optimum moisture content (©MC) and low 
maximum dry densities. This makes it unsuitable for use as a fill material as compared to 
other engineering fills. 
The unconfined compressive strength showed an increasing trend for the WTP 
residuals tested with the decrease in water content. The unconfined compressive strength 
values for the three WTP residuals are shown in figure 4.4, 4.5, and 4.6. Maximum 
strength of 90 KPa (13.05 psi) at water content of 15% for JCD, 48 KPa (6.96 psi) at 
water content of 151% for WQD and 19 KPa (2.8 psi) at a water content of 142% for 
HWD was obtained. It can be seen that because of the appreciable high organic content 
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Figure 4.4 Unconfined Compressive Strength 
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Figure 4.5 Unconfined Compressive Strength 

























Water Content (%) 
48 
Figure 4.6 Unconfined Compressive Strength 
of HWD WTP residuals 
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4.2 Mixing Additives with WTP Residuals for use in 
the Manufacture of Bricks 
The possibility of using water treatment residuals as an alternative material for 
construction materials such as bricks was investigated in this section. WTP residuals 
from two water treatment plants were mixed with different additives and in different 
proportions. 
In trial one of this procedure the WTP residual from the Wanaque Treatment 
Plant (WQD) was mixed with different additives as listed in table B.1. In trial two WTP 
residuals from the Jersey Water Treatment Plant (JCD) and the Wanaque Treatment Plant 
(WQD) were mixed with naturally occurring shale from the Glen-Gery Shale plant, New 
Jersey in the proportions given in table B.2. The procedure for mixing and molding has 
been defined in chapter III. The samples from these trials were put through the two 
temperature programs defined in figures B1 and B2. 
The test results from the two trials are shown in tables B3 and B4. As it can be 
seen from the table, the samples from the kiln were either too soft or showed cracks 
throughout the length of the molds. No further tests could be performed as a result of the 
state of the samples. 
Although the procedure followed was kept in close conjunction to that used in the 
commercial production, it was found that it was not feasible to produce bricks of 
acceptable quality in the laboratory premises. Referring to the vast literature on bricks 
production it was pointed out that the maximum temperature of 700 °C being used in the 
laboratory was not sufficient for the raw ingredients to fuse together to form a strong 
bonded product. In the commercial production of bricks, as mentioned in chapter III, 
firing temperatures as high as 1300 °C are used. Fusing of clay particles with the other 
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ingredients takes place in three stages: 1) incipient fusion, that point when the clay 
particles become sufficiently soft that the mass sticks together; 2) vitirification, where 
there is extensive fluxing and the mass becomes tight, solid and non-adsorbent; and 3) 
viscous fusion, the point at which the clay particles becomes sufficiently soft that the 
mass breaks down and tends to become molten. The key to the firing process, as stated in 
the literature, is to control the temperature in the kiln so that incipient fusion and partial 
vitrification are complete but viscous fusion is avoided. It has been found that the rate of 
temperature change can greatly influence the products. A high rate could result in 
cracking and a low rate could result in the products being soft and brittle. 
The fired samples from the kiln were lighter in color. This could be as a result of 
mixing with the grey WTP residuals. The color variation can be avoided during the firing 
process by adding certain chemicals like ferrous oxide for a bright red tinge and then 
flashing the products in the final stage. 
As a result of the poor quality of the residual amended bricks produced in the 
laboratory the project was abandoned and the focus shifted towards chemically 
conditioning the WTP residuals with commercial adsorbents the results of which are 
described the next section. 
4.3 Mixing WTP Residuals with Sorbond® 
The possibility of solidifying the WTP residuals by using Sorbond® was investigated in 
this section. In order to study the effect of the different types of Sorbond® with WTP 
residuals, samples with varying combinations of Sorbond® and residual were prepared. 
The information regarding these samples is given in table C 1. 
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4.3.1 Moisture Content of Residual-Sorbond® Mixtures  
The WTP residuals, in the original condition, have moisture contents. Therefore it 
becomes difficult to compact them, unless the water content is reduced. In the studies 
conducted for this research, moisture content determinations were used as an indicator for 
suitability of the mixes for compaction and stabilization. 
A series of moisture content tests on the residual-sorbond® samples were 
conducted according to the procedure specified in section 3. .2. All the samples were air 
dried over a period of five days and the water content of the samples measured by the 
oven dry method. Sample representative graphs of water content variation for sorbond® 
with the three WTP residuals are shown in figures 4.7, 4.8 and 4.9. The complete set of 
results for these tests with the three WTP residuals and different combinations of 
Sorbond® are shown in figures C1-C15. 
The graphs show a progressive decrease in the water content of the residual-
sorbond® mix with time. The time required for drying to a constant weight of the mix for 
different residuals varied from a period of 5 days for WQD residual with a natural water 
content of 500 %, a period of four days for HWD with a natural water content of 314%, 
and a period of two days for JCD with a natural water content of 115 %. It can also be 
seen that there is a sharp decrease in the water content in the earlier period of drying. The 
rate decreases towards the end and almost levels off to a constant rate. This behavior 
could be attributed to the removal of free water in the beginning, which does not require 
considerable energy and is aided by the air drying. The low rate could be attributed to the 
removal of bound water towards the end, which requires considerable energy and 















Figure 4.7 Variation of water content of 














Figure 4.8 Variation of water content of 













Figure 4.9 Variation of water content of 
residual (JCD)-sorbond® (UG) mix during air drying 
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All the five types of Sorbond® and the different combinations of Sorbond®-
residual tested seem to work well and in similarity. Thus the rate of drying was almost 
the same for all mixes and all types of Sorbond®. No conclusive evidence could be found 
to differentiate between the types of Sorbond® tested. However the values indicate 
Sorbond® types UG and UP, though minute in difference, showed better results with the 
three WTP residuals as compared to the other types. When compared with figure A4 
there is conclusive evidence that the measured water content of the Sorbond®-residual 
mix was less than the calculated water content, indicating removal of bound water within 
the residual, by chemical reaction with Sorbond®. Inferring from the water content 
determination results, it is believed that sorbond® aided in removing 68-75% of bound 
water for WQD, 60-76 % for HWD and 25-45% of bound water for JCD WTP residuals. 
The final water content values for JCD, as in the case of the other residuals, was in the 
range of 20-40%. A relatively lower percentage removal of bound water for JCD WTP 
residual was achieved. This may be attributed to the presence of lime in JCD which may 
have aided in removal most of the bound water. It is assumed that to further decrease the 
water content lower than the negligible amount of 30% after drying period, a far greater 
energy and time would be needed to do so. 
All the three residual samples took five days to reach constant weight upon 
drying. But with the addition of sorbond® the corresponding time was reduced to two 
days for JCD, four days for HWD and five days for WQD. It was also observed that the 
time required to dry the mixtures was practically the same for all varieties of Sorbond®. 
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4.3.2 Unconfined Compression Tests 
Sample representative unconfined compression curves for the three WTP residuals and 
sorbond® -UP is plotted in figure 4.10, 4.11 and 4.12 in the next following pages. The 
complete set of strength versus time test results for the samples with different 
combinations of Sorbond® and WTP residuals are plotted in figures C16 to C30. The data 
for interpretations with remarks are listed in table C.2. The stress-strain curves for the 
samples (strength vs. water content) showed an increasing type of behavior at higher 
water content and a single-hump type at lower water content. The type of failure at higher 
water content (initial stages of air-drying) was similar to that of plastic clays by bulging 
with two families of slip surfaces developing at advanced stage of failure. At lower water 
content the samples, failure occurred along a single or a few defined rupture planes. 
Soils with low plasticity indexes have a low volume change potential associated 
with the change in water content. With small volume changes, the structure experiences 
very little disturbances and correspondingly high strengths are achieved. Unconfined 
compressive strength is an undrained strength. Soils with low plasticity (JCD WTP 
residuals) possess higher undrained shear strengths than those with high plasticity (HWD 
and WQD WTP residuals). The above phenomenon clearly explains the shear strength 
values obtained for the three WTP residuals with Sorbond®. The maximum shear strength 
values obtained with the different types of Sorbond® ranged from 190-210 KPa (28-30 
psi) for JCD, 150-175 KPa (21-25 psi) for WQD, and 130-160 KPa (19-23 psi) for HWD. 
The Sorbond®  type UP and UG show, though minute, better results than other types. Also 






























Figure 4.10 Unconfined compressive strength of 


























Figure 4.11 Unconfined compressive strength of 



























Figure 4.12 Unconfined compressive strength of 
sorbond (UP)-residual (JCD) mix 
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It can also be seen from figures C 15-C30 that, during initial periods of drying 
there is an observable difference for shear strengths obtained for samples with different 
compositions of a particular type of sorbond®. This difference visibly reduces and the 
final shear strength values converge for the different samples. Thus the effect of 
increased proportions of sorbond® is minimal towards the end. This could be an 
important criterion for the materials application. For cases where the time is of more 
importance than strength, the mix could be compacted well in advance and with a lower 
composition of sorbond® in the mix to achieve the desired objective. This could 
considerable reduce the cost of material and labor as well as reduce the time. For cases 
where the strength is of importance, a trade-off between time and strength would be 
advisable based on sound engineering judgement. 
The shear strength for the samples is also seen to level off at longer periods of 
time. This phenomenon is more pronounced for the cases of HWD and JCD WTP 
residuals. This behavior could be directly related to the decrease in water content of the 
residual. From above, it may be inferred that shear strength rate of increase is directly 
proportional to the reduction of water content in WTP residuals. 
Based on the above discussions, it may be inferred that residual-Sorbond® mix of 
residuals of low plasticity will develop higher strengths as a result of uniform 
cementation to that of residual-Sorbond® mix of residuals with high plasticity. 
For further testing, a sorbond®-residual sample with a 10% proportion of 
Sorbond® UP and UG was mixed with JCD WTP residual. This combination was 
selected based on the handleability, cost, and strength of the resulting mixture (200 KPa 
or 30 psi). The 1:0.1 sorbond®-residual mix and two days of air-drying was noted to be a 
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workable mix for compaction purposes. No further advantage could be found by 
increasing the sorbond® percentage in the mix. 
4.3.3 Compaction Tests  
Compaction curves were developed for the JCD WTP residuals-sorbond® (UP) mix using 
a wet to dry method. Harvard miniature compaction test apparatus was used for this 
purpose. In this method, the mix was compacted by gradually decreasing the moisture 
content. The sorbond® percentage was varied from 5% to 30% by dry weight. The max 
dry densities was in the range of 9.7 KN/m' (61 pcf) to 10.36 KN/m3 (66 pcf) as 
compared to the dry density of JCD residual of 9.3 KN/m3 (59 pcf). Similarly the 
optimum moisture content (OMC) also varied from 55% to 45% as compared to that of 
63% obtained for JCD WTP residuals. The characteristic of the compaction was that of 
the one hump form. The above results predict that with increase in the percentage of 
sorbond® in the mix, thixotropic hardening and cementation between the WTP residual 
particles results in material with lower OMC and a higher dry density. 
4.4 Durability Tests for Sorbond®-Residual Mixtures  
These tests were conducted to study the effects of environment and weather on  residual-
sorbond® mixtures. Tests were conducted for freeze-thaw and wet-dry. 
4.4.1 Freeze Thaw Tests  
The weight loss experienced by the samples at the end of the 7 freeze-thaw cycles  were 
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Figure 4.13 Compaction curves for residual-sorbond®(UP) 
samples after one week 
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were dry and firm in shape. An 8% weight loss was observed with the residual-sorbond® 
freeze thaw samples. Low volume reductions were also observed for the above sample. It 
is believed that this low weight and volume loss for the samples could be as a result of 
loss of bound water to the environment or by combining with the residual-sorbond® 
components. Further investigation would be required to solicit this explanation. It can be 
concluded that the sample have a high freeze-thaw durability characteristics and can be 
successfully used where the material will be susceptible to freeze and thaw. 
Table 4.2 Results of Freeze-Thaw and Wet-Dry Tests 
Sample Type of test Weight 
loss 
Behavior observed 
JCD with Sorbond UP 
JCD with Sorbond UP 







Samples remained intact and firm. 
No cracks were observed on the 
surface. Low volume reductions 
JCD with Sorbond UP 
JCD with Sorbond UP 







Samples became hard and remained 
intact. No cracks were observed. 
Slight loss of material on the edges. 
JCD with Sorbond UP 
JCD with Sorbond UP 







Samples remained intact and 
without cracks. Low volume 




4.4.2 Wet-Dry Tests  
Weight loss for the JCD WTP residual sample and sorbond®  (UP) samples were recorded 
over the period and are presented in table 4.2. All samples experienced weight loss during 
the testing. A weight loss of an average of 10% was observed in the wet-dry samples. 
Low volume reductions were also observed. This weight and volume loss of the samples 
could be attributed to the loss of bound water to the environment. No cracks were formed 
on the surface and the sample molds remained intact, firm in shape and hard. Because of 
the low organic content of JCD residual cementation between the WTP residual particles 
and sorbond® was uniform and highly developed. This resulted in the sample having a 
high durability for wet-dry tests. 
Before any engineering applications can be made, the effect of aging and weathering 
on the properties of WTP residuals and the residual-sorbond® mix must be considered. It 
has been reported that aging does not affect the geotechnical properties of the residuals; 
such as plasticity, compactability, shear strength, and durability; substantially, weathering 
had a marked effect on all of the above properties. (Raghu et al., 1990) Materials became 
granular and strength, compactability and permeability increased dramatically. Plasticity 
property was lost. Durability of residuals to weathering is very poor. The effect of 
weathering and aging on the material should be investigated before any application. 
4.1 Cost Analysis of Residual-Sorbonde Mix 
Compared to $15 per cubic yard ($19.5 per cubic meter) based on the current estimates 
for engineering fills the author is aware of, for in place of sand as fill material. The cost 
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of residual-sorbond® engineering fill is an average of $21 per cubic yard ($27.5 per cubic 
meter) for a 1: 0.1 proportion residual: sorbond® mix. 
The additional cost of 10 per cubic yard ($13 per cubic meter) could be justified 
taking into account the revenue spent on disposal option for WTP residuals and the 
important benefit of recycling waste product. 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY 
5.1 Conclusions 
The following conclusions were drawn based on the laboratory studies carried out: 
1. The attempt to mix WTP residual with additives such as fly ash, bentonite clay, kiln 
dust, blast furnace dust, and naturally occurring shale failed to produce bricks of 
acceptable quality in the laboratory. This was attributed towards failure of reaching 
the recommended firing temperature of 1300 °C. As a result of maintaining lower 
temperatures of 700 °C, the sample mixes were soft and showed cracks and were 
unsuitable for further testing. 
2. 
Sorbond
®  was noted to enhance the rate of water removal from the WTP residual. 
3. The rate of water removal from the residuals was high in the beginning and gradually 
decreased to a constant rate. This was attributed to the removal of bound water from 
the residuals towards the end. 
4. ® aided in removing 68-75% of bound water for WQD, 60-76 % for HWD 
and 25-45% of bound water for JCD WTP residuals. 
5. The final water content for all sorbond-residual mix was in the range of 25-40%. 
This indicated that longer and probably higher amounts of energy would be required, 




6. All types of sorbonds® produced almost the same effects of solidification. However 
Sorbond® UP and UG were selected for further testing on the merits of cost. 
7. The mix containing residual and sorbond® in the proportion of 1: 0.1 and two days of 
drying for JCD residual was noted to be a workable mix for compaction purposes. 
The shear strength at the end of two days of air-drying was found to be 200 KPa (30 
psi). Similar results of strength were found for other sorbond® types but were rejected 
on the merits of cost consideration for further testing. 
8. The strength of JCD WTP residuals ranged from 195-210 KPa (28-30 psi) for 
sorbond® proportion in the range of 10-30%. 
9. Strength of WQD WTP residuals ranged from 150-175 KPa (21-25 psi) at the end of 
five days of air drying for a residual: sorbond® (UP) proportion ranging from 10%-50%- 
 
10. For HWD WTP residual, strength values ranged from 130-180 KPa (19-23 psi) at the 
end of four days of air drying for a residual-sorbond® (UP) proportion ranging from 
10%-50%. 
11. It can be concluded from the results that sorbond® aid in increasing the strength of the 
WTP residuals. 
12. There is an observable difference in the shear strengths obtained for the sorbond®-
residual sample mixes of a particular type of sorbond® during the initial periods of air 
drying. This differences gradually decreases and the final strength values converge 
for different proportions of sorbond®. 
13. It may be inferred from the results that there is a direct relationship between the 
increase in strength of the material to the decrease in the water content of the residual.  
6g 
14. From the compaction curves of JCD WTP residual-sorbond®  UP, there is an increase 
of 6-12% in max dry density and a consequential decrease of 13-20% in the optimum 
moisture content of the mix over residual without sorbond®. 
15. The sample proved to have high freeze-thaw durability characteristics. The samples 
were intact, without cracks and hard. A low weight loss of 8% was observed. Low 
volume reductions were observed. 
16. The sample mixes also had high wet-dry durability characteristics. There was no 
visible deterioration during the cycles. A 10% weight loss was observed. The final 
samples were intact, hard and without cracks. 
5.2 Recommendation for Future Studies 
Suitable equipment for mixing residual and sorbond® has to be found. To insure complete 
mixing of the residual and sorbond® is accomplished, future study is to be taken to design 
a central mixing plant to include a means of homogenizing the mixture, by weight, and to 
insure that the mixture will meet all the design specifications for the required end 
objective. 
The mix of sorbond® and residual can qualify as a fill material based on the 
preliminary test results of this project. However before any application, it should be 
evaluated on a case by case basis depending on site conditions, water-mix interactions, 
and other requirements. The effect of aging and weathering on the material should not be 
ignored and considerable investigation done before application of the material. A balance 
between cost, time for stabilization, and the proportion of sorbo d  in mix will have to be 
evaluated for any successful application. 
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To utilize WTP residuals for brickmaking, this project would require further 
testing in the laboratory. However it must be pointed out that there has been considerable 
successful work done in the past towards this objective. Other additives could be tried 
with WTP residuals. Also different cementation accelerators such as lime, lignosulfates, 
hydoxylated carboxylic acids etc. could be tried and tested. 
Other methods of disposal options and beneficial uses of WTP residuals should be 
evaluated and considered. 
APPENDIX A 
GEOTECHNICAL CHARACTERISTICS OF 
WTP RESIDUALS 
The geotechnical characteristics of the WTP residuals are listed in table A3. Also stated 
below, for the convenience of discussion, is the list of abbreviations that have been 
assigned to the WTP residuals. These abbreviations will be used through out the report. 
Location of the treatment plant, water sources, residual type are presented in table A2. 





Dewatered WTP residual from storage pile, Jersey WTP, Boonton, NJ 
Dewatered residual from drying bed in Haworth WTP, NJ 
Dewatered residual from belt press, Wanaque WTP,NJ 
Table A.2 Information Summary of WTP Facilities 




JCD :Jersey City Water Treatment Lime Reservoir Rockaway River and 
Plant, Boonton , NJ Boonton Reservoir 
HWD : Haworth Water Treatment Alum Reservoir Hackensack river, stored 
Plant, Harrington Park, NJ in four reservoirs 




MIXING WTP RESIDUALS AND ADDITVES 
FOR MANUFACURE OF BRICKS 
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300 WQD 5 Fly ash 10 
300 WQD 10 Fly ash 20 
300 WQD 12.5 Fly ash 25 
300 WQD 5 Kiln Dust 10 
300 WQD 10 Kiln Dust 20 
300 WQD 12.5 Kiln Dust 25 
300 WQD 5 Blast furnace Dust 10 
300 WQD 10 Blast furnace Dust 20 
300 WQD 12.5 Blast furnace Dust 25 
300 WQD 5 Bentonite Cement 10 
300 WQD 10 Bentonite Cement 20 
300 WQD 15 Bentonite Cement 30 
300 WQD 20 Bentonite Cement 40 
300 WQD 25 Bentonite Cement 50 
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Weight of WTP 
residual (dry wt in 
Type of WTP 
Residual 
% WTP in 
the mix 
(gm) (gm) gm) (gm) 
300 34.5 30 JCD 10 % 
300 129 60 JCD 20 % 
300 194 90 JCD 30 % 
300 258 120 JCD 40 % 
300 333 150 JCD 50 % 
300 180 30 WQD 10 % 
300 360 60 WQD 20 % 
300 540 90 WQD 30 % 
300 720 120 WQD 40 % 
300 900 150 WQD 50 % 
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10 % fly ash-residual - 
20% fly ash-residual Soft, High volume 
25% fly ash-residual reduction - 
10 % kiln dust-residual - 
20 % kiln dust-residual Soft, High volume - 
30 % kiln dust-residual reduction - 
10 % blast furnace dust-residual - 
20 % blast furnace dust-residual Soft, high volume 
25 % blast furnace dust-residual - reduction 
10 % bentonite cement-residual Cracks, high volume Cracks, high volume 
20 % bentonite cement-residual reduction reduction 
30 % bentonite cement-residual Extensive cracks Extensive cracks 
40 % bentonite cement-residual throughout the surface of throughout the surface of 
50 % bentonite cement-residual the sample the sample 
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Table B.4 Results of the Residual-Shale Mix Samples after Firing 
Sample Temperature Program I Temperature Program. II 
10 % JCD residual-Shale 
20 % JCD residual-Shale Soft Soft 
30 % JCD residual-Shale 
40 % JCD residual-Shale Soft and Cracks through Soft and Cracks through 
50 % JCD residual-Shale out the sample out the sample 
10 % WQD residual-shale Cracks through out the Cracks through out the 
20 % WQD residual-shale sample sample 
30 % WQD residual-shale Soft, grey in color and Soft, grey in color and 
40 % WQD residual-shale cracks in the sample. High cracks in the sample. High 
50 % WQD residual-shale volume reduction volume reduction 
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Figure BA Temperature Program I 
Figure B.2 Temperature Program II 
APPENDIX C 
MIXING WTP RESIDUALS WITH SORBOND®  
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1 300 WQD 500 10 UP 20 
2 300 WQD 500 15 UP 30 
3 300 WQD 500 17.5 UP 35 
4 300 WQD 500 20 UP 40 
5 300 WQD 500 25 UP 50 
6 300 WQD 500 10 LOC20 20 
7 300 WQD 500 15 LOC20 30 
8 300 WQD 500 17.5 LOC20 35 
9 300 WQD 500 20 LOC20 40 
10 300 WQD 500 25 LOC20 50 
11 300 WQD 500 10 LPCII 20 
12 300 WQD 500 15 LPCII 30 
13 300 WQD 500 17.5 LPCII 35 
14 300 WQD 500 20 LPCII 40 
15 300 WQD 500 25 LPCII 50 
16 300 WQD 500 10 UG 20 
17 300 WQD 500 15 UG 30 
18 300 WQD 500 17.5 UG 35 
19 300 WQD 500 20 UG 40 
20 300 WQD 500 25 UG 50 
21 300 WQD 500 10 ES 20 
22 300 WQD 500 15 ES 30 
23 300 WQD 500 17.5 ES 35 
24 300 WQD 500 20 ES 40 
25 300 WQD 500 25 ES 50 
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26 300 HWD 314 15 UP 20 
27 300 HWD 314 22.5 UP 30 
28 300 HWD 314 26.5 UP 35 
29 300 HWD 314 30 UP 40 
30 300 HWD 314 37.5 UP 50 
31 300 HWD 314 15 LOC20 20 
32 300 HWD 314 22.5 LOC20 30 
33 300 HWD 314 26.5 LOC20 35 
34 300 HWD 314 30 LOC20 40 
35 300 HWD 314 37.5 LOC20 50 
36 300 HWD 314 15 LPCII 20 
37 300 HWD 314 22.5 LPCII 30 
38 300 HWD 314 26.5 LPCII 35 
39 300 HWD 314 30 LPCII 40 
40 300 HWD 314 37.5 LPCII 50 
41 300 HWD 314 15 UG 20 
42 300 HWD 314 22.5 UG 30 
43 300 HWD 314 26.5 UG 35 
44 300 HWD 314 30 UG 40 
45 300 HWD 314 37.5 UG 50 
46 300 HWD 314 15 ES 20 
47 300 HWD 314 22.5 ES 30 
48 300 HWD 314 26.5 ES 35 
49 300 HWD 314 30 ES 40 
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50 300 HWD 314 37.5 ES 50 
51 300 JCD 115 14 UP 10 
52 300 JCD 115 28 UP 20 
53 300 JCD 115 42 UP 30 
54 300 JCD 115 14 LOC20 10 
55 300 JCD 115 28 LOC20 10 
56 300 JCD 115 42 LOC20 30 
57 300 JCD 115 14 LPCII 10 
58 300 JCD 115 28 LPCII 20 
59 300 JCD 115 42 LPCII 30 
60 300 JCD 115 14 UG 10 
61 300 JCD 115 28 UG 20 
62 300 JCD 115 42 UG 30 
63 300 JCD 115 14 ES 10 
64 300 JCD 115 28 ES 20 
65 300 JCD 115 42 ES 30 
*: % Sorbond® is based on the dry weight of WTP residual 
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Table C.2 Uncompressive Strength Values (in KPa) for Sorbond®-Residual Samples 
Sample no 
0 
Duration of air drying (Days) 
1 	 2 	 3 4 
1 soft 12 29 81 156 
2 soft 14 39 84 159 
3 soft 18 45 92 163 
4 soft 19 67 111 171 
5 soft 21 75 121 
- 
6 soft soft 16 24 41 
7 soft soft 16 34 98 
8 soft soft 17 48 121 
9 soft 6 21 54 143 
10 soft 13 35 79 156 
11 soft soft 10 22 32 
12 soft soft 14 32 78 
13 soft soft 14 41 121 
14 soft 9 16 43 121 
15 soft 11 24 65 130 
16 soft 13 28 84 151 
17  soft 13  48  89 159 
18 soft 16 62 98 168 
19 soft 18 71 111 184 
20 soft 20 78 135 
21 soft 15 28 78 136 
22 soft 15 38 85 149 
23 soft 15 51 98 157 
24 soft 17 69 105 175 
25 soft 19 73 121 - 
26 soft 36 62 126 132 
27 soft 42 75 141 150 
28 soft 51 88 148 155 
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Table C.2a Uncompressive Strength Values (in KPa) for Sorbond® -Residual Samples 
Sample no Duration of air drying (Days) 
0 1 2 3 4 
29 soft 51 110 156 
30 soft 62 115 174 - 
31 soft 20 44 98 112 
32 soft 25 52 100 119 
33 soft 26 55 112 120 
34 soft 27 62 118 136 
35 soft 29 78 131 139 
36 soft 12 42 72 102 
37 soft 18 65 90 119 
38 soft 22 78 92 120 
39 soft 23 79 98 125 
40 soft 27 81 102 130 
41 soft 44 78 142 148 
42 soft 53 82 143 154 
43 soft 71 109 162 - 
44 soft 79 118 185 - 
45 soft 81 121 189 - 
46 soft soft 42 102 120 
47 soft soft 64 121 136 
48 soft 42 78 142 148 
49 soft 48 81 155 - 
50 soft 50 95 162 - 
51 38 179 198 - - 
52 43 192 202 - 
53 47 202 208 - - 
54 38 163 182 - - 
55 40 185 190 - - 
56 45 187 191 - - 
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Table C.2b Uncompressive Strength Values (in KPa) for Sorbond®-Residual Samples 
Sample no Duration of air drying (Days) 
0 1 	 2 	 3 	 4 
57 39 154 	184 	
-                    - 
58 44 178 	186 	 - 	 - 
59 44 182 	198 	 - 	 - 
60 40 182 	200 	 - 	 - 
61 45 193 	212 		 - 
62 50 194 	215                  - 	 - 
63 40 180 	198 	 -  
64 44 190 	191                  - 	 - 
65 198 205 	210                  - 	 - 












Figure C.1 Variation of water content of 
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Figure C.2 Variation of water content of 















Figure C.3 Variation of water content of 














Figure C.4 Variation of water content of 















Figure C.5 vraiation of water content of 











Figure C.6 Variation of water content of 













Figure C.7 Variation of water content of 













FigureC.8 Variation of water content of 















Figure C.9 Variation of water content of 















Figure C.10 Variation of water content of 










Figure C.11 Variation of water content of 














Figure C.12 Variation of water content of 












Figure C.13 Variation of water content of 













Figure C.14 Variation of water content of 














Figure C.15 Variation of water content of 























Figure C.16 Unconfined compressive strength of 





























Figure C.17 Unconfined compressive strength of 
























Figure C.18 Unconfined compressive strength of 



















Figure C.19 Unconfined compressive strength of 
























Figure C.20 Unconfined compressive strength of 


























Figure C.21 Unconfined compressive strength of 

























Figure C.22 Unconfined compressive strength of 




























Figure C.23 Unconfined compressive strength of 































Figure C.24 Unconfined compressive strength of 


























Figure C.25 Unconfined compressive strength of 

























Figure C.26 Unconfined compressive strength of 


























Figure C.27 Unconfined compressive strength of 



























Figure C.28 Unconfined compressive strength of 

























Figure C.29 Unconfined compressive strength of 
























Figure C.30 Unconfined compressive strength of 
sorbond® (ES)-residual (JCD) mix 
APPENDIX D 
TECHNICAL DATA SHEETS 
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Technical Data Sheet 
SORBOND®  STABILIZATION/SOLDIFICATION AGENTS 
GENERAL 	 Custom blended used to stabilize, solidify, and  
DESCRIPTION 	 fixate a variety of non-hazardous wastes.  
APPEARANCE: 	 Light grey powder and granular material  
ODOR: 	 Imperceptible 
FORMULAS:                              Sorbond® formulas are blended to meet site specific 
needs, and consist of a variety of pozzolonic 
silicates as well as organophillic minerals. 
Compression strengths, pH, permeability, and 
curing time can be modified to meet disposal 
specifications.  
FORMULA 	 High efficiency stabilization/solidification agents 
APPLICATIONS: 	 with low compressive strengths. Most commonly 
used to solidify wastes to meet Paint Filter Test 
requirements. 
SORBOND® UP SORBOND
® G SORBOND® ES 
Efficient stabilization/solidification agents most 
commonly used to fixate organic and inorganic 
waste components. Results in high compressive 
strengths. 
SORBOND® LPC II SORBOND® LOC 20 
STABILIZATION 	 Sorbond® immobilizes organic and inorganic waste 
MECHANISM: components through microencapsulation and ionic 
bonding. 
GENERAL BASE 	 A Tri-layer expanding mineral structure of 
FORMULA: 	 approximately 
(Al, Fe1.67 MgO33) Si4 (OH2) Na + Ca++.0.33  
HANDLING 	 No special hazards. Breathing of dust may cause 
PRECAUTIONS: 	 dryness of nose and throat 
116 
Technical Data Sheet 
SORBOND® UP 
FUNCTIONAL USE: 	 Specially blended powdered solidifying agent able 
to absorb waste liquids rapidly and economically. 
APPEARANCE: 	 Light Grey powder 
ODOR: 	 Imperceptible 
GENERAL CHEMICAL 
COMPOSITION: 	 Typical Analysis (Moisture free) 
SiO2 	63.02 % 
A12O3 	 21.08 % 
Fe2O3 3.25 % 
FeO 	 0.35 % 
MgO 2.67 % 
Na2O 	2.57 % 
CaO 	 0.65 % 
H  
5.64 % 
Trace Elements 	0.72 % 
FORMULA: 	 A Tri-layer expanding mineral structure of 
approximately 
(Al, Fe1.67, MgO33) Si4 O10 ( OH2) Na +  Ca++0.33  
MOISTURE CONTENT: 	Maximum 12% as shipped. 
DRY PARTICLE SIZE: 	Powder: Maximum 65'F .finer than 200 mesh (74 
micron) 
pH : 	  solids dispersion 8.5 to 10.5 
BULK DENSITY: 	 Powder : Approximately 54 pounds per foot' 
HANDLING PRECAUTIONS :    No special hazards. Breathing of dust may cause 
dryness of nose and throat 
WATER ABSORPTION: 	Approximately 600% of total dry weight. 
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Technical Data Sheet 
SORBOND®   UG 
FUNCTIONAL USE: 	 Specially blended dust free granular solidifying 
agent able to absorb waste liquids rapidly and 
economically. 
APPEARANCE : 	 Light Grey granular 
ODOR : 	 Imperceptible 
GENERAL CHEMICAL 
COMPOSITION : 	 Typical Analysis (Moisture free) 
SiO2 	6102 % 
A12O3 	 21.08 % 
Fe2O3 3.25 % 
FeO 	 0.35 % 
MgO 2.67% 
Na2O 	 2.57 % 
CaO 	0.65 % 
H
 
	 5.64 % 
Trace Elements 	0.72 % 
FORMULA: 	 A Tri-layer expanding mineral structure of 
approximately 
(Al, Fe1.67, MgO33) Si4 O10 ( OH2) Na + Ca++0.33  
MOISTURE CONTENT: 	Maximum 12% as shipped. 
DRY PARTICLE SIZE: 	Maximum 15% retained on a 20 mesh 
Maximum 15% passing a 200 mesh 
pH : 	 5% solids dispersion 11.5 to 10.5 
BULK DENSITY: 	 Approximately 67 pounds per foot3  
HANDLING PRECAUTIONS : No special hazards. Breathing of dust may cause 
dryness of nose and throat 
WATER ABSORPTION: 	Approximately 600% of total dry weight. 
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Technical Data Sheet 
SORBOND® ES 
FUNCTIONAL USE: 	 Solidifying agent specially designed for high liquid 
absorption and increased sludge bonding properties. 
APPEARANCE: 	 Pale Grey granular 
ODOR: 	 Imperceptible 
GENERAL CHEMICAL 
COMPOSITION: 	 Typical Analysis (Moisture free) 
SiO2 	 60.02 % 
A12O3 19.08 % 
Fe O3 	 3.25 % 
FeO 0.35 % 
MgO 	 2.67 % 
Na 2,57 % 
CO 	 0.65% 
H  
5.64 % 
Trace Elements 	0.72 % 
Other 	 5.00 % 
FORMULA: 	 A Tri-layer expanding mineral structure of 
approximately  
(Al, Fe1.67 , MgO33) Si4 O10 ( OH2) Na + Ca++0.33  
MOISTURE CONTENT: 	Maximum 12% as shipped. 
DRY PARTICLE SIZE: 	Maximum 65% finer than 200 mesh (74 micron) 
pH : 	5% solids dispersion 8.5 to 10.5 
HULK DENSITY: 	 Approximately 54 pounds per foot3  
HANDLING PRECAUTIONS :   No special hazards. Breathing of dust may cause 
dryness of nose and throat 














Figure D.1 % Absorption Determined By Water Plate Absorption Test 





ft 	= foot 	 ft/s 	= feet per second 
gal. 	= Gallons 	 h 	= hour 
in. 	= inch 	 Kg 	= kilogram 
lb. 	= pound force 	 m 	= meter 
mgd 	= millions gallons per day 	 mm 	= millimeter 
N 	= Newton 	 Pa 	= Pascal = N/m2 
pcf 	= pound per square foot 	 psi 	= pounds per square inch 
s 	= second 
Acceleration due to gravity: 9.806 63 m/s2  = 32.174 ft/s2  
Area: 1 m2 = 10.76 ft2 
Flow rate: 0.022 83 mgd = 10-3 m/s = 1 liter/s 
Force: 1 N = 0.224 8 lb 
Length: 1 mm = 0.039 4 in.; 1 m = 3.281 ft; 1 Km = 0.622 miles 
Mass: 2.2046 lb = 1 Kg 
Pressure: 1 KN/m2 = 1 KPa = 0.145 psi 
Specific weight: I N/m3 = 0.006 365 lb/ft   
Stress: 1 lb/ft2 = 47.77 N/m2 (Pa); 1 lb/ft2 (psi) = 6.895 KN/m2 (KPa) 
Temperature: 1 °F 	= 1.8 (°C) + 32 
Unit Weight: 1 lb/ft3 = 0.1572 KN3 ; m3; 1 lb/in.3= 271.43 KN/m3 
Velocity: 1 m/s = 3.281 his = 3.60 Km/h = 2.28 mph 
Volume: 1 m3 = 1000 liters = 35.32 ft3; I  U.S. Gallon = 3.785 liters 
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